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Statement  of Research - The first purpose of t h i s  work is 

t o  develop a u s e f u l  model t o  r ep resen t  t h e  forces between molecules 

of moderate complexity conta in ing  of t h e  order of f i v e  t o  t e n  atoms 

i n  roughly spherical d i s p o s i t i o n  w i t h  t h e  p o s s i b i l i t y  of permanent 

mul t ipo le  moments an add i t ion1  f e a t u r e  of t h e  sys tems of i n t e r e s t .  

The second a i m  of t h i s  research is t o  compute t h e  equ i l ib r ium 

and t r a n s p o r t  properties of these  molecules a lone  and i n  combination 

i n  ranges  of dens i ty  and temperature where measurements are either 

d i f f i c u l t  or unavai lable .  

A t h i r d  phase of t h i s  work concerns t h e  s tudy  of dense .  

f l u i d s .  

It  w i l l  be convenient t o  d i s c u s s  each of t h e  o b j e c t i v e s  

s e p a r a t e l y  . 
(a) Intermolecular  Forces. The spherical s h e l l  model 

f o r  g lobular  molecules h a s  been extended t o  inc lude  t h e  effects 

a permanent d ipole  - quadrupole - or  oc topole  - moment on t h e  

i n t e r a c t i o n  between p a i r s  of molecules. For molecules where t h e  

dipole’moment is a l ready  known w e  have computed exac t ly  t h e  first 

d e n s i t y  c o r r e c t i o n  t o  t h e  equation of s ta te  and compared these 

r e s u l t s  t o  experiment. For t h e  model case of methyl  c h l o r i d e  

(CHQC1) t h e  agreement w i t h  experiment w a s  nea r ly  two o r d e r s  of 

magnitude over c a l c u l a t i o n s  made e i ther  w i t h  a Lennard-Jones (12-6) 

model or w i t h  a spherical s h e l l  model neg lec t ing  t h e  d i p o l e  moment. 

For t h e  i n t e r e s t i n g  molecule, benzene (CsHs) , our  

improvement w i t h  experiment was w e l l  over three orders of 



magnitude i n  a determinat ion which pred ic t s  a va lue  of t h e  a x i a l  

quadrupole moment, &, of f15 X 10 

experimental ly  w i t h  any c e r t a i n t y ,  but  t h e  estimated va lues  are 

esu. T h i s  number is not  known -26 

cons iderably  lower. The size of t h i s  moment has  encouraged D r .  

P a t r i c k  Thaddeus of t h e  I n s t i t u t e  for  Space S tud ie s  (NASA) i n  

New York t o  undertake microwave experiments designed t o  seek 

induced absorp t ion  i n  accord w i t h  t h e  magnitude of t h i s  moment. 

The experiments have not  y e t  been completed, but  w e  have kept i n  

correspondence on t h i s  matter. 

For t h e  tetrahedral molecules, CX4, we have computed t h e  

necessary i n t e g r a l s  t o  o b t a i n  va lues  of t h e  oc topole  moments. For 

t h e  case of methane, CH4, our value determined from both equi l ibr ium 

p r o p e r t i e s  and v i s c o s i t y  is i n  e x c e l l e n t  agreement w i t h  quantum- 

mechanical c a l c u l a t i o n s  of t h e  same quan t i ty ,  u n l i k e  previous 

estimates based on other p o t e n t i a l  func t ions .  For CF4 we predict  

a larger value than  has  been observed, but  by a f a c t o r  near ly  t h e  

same 8s t h e  d i f f e r e n c e  between earlier estimates f o r  CH4 and our 

r e s u l t s .  

I n  a complementary c a l c u l a t i o n ,  w e  have been able t o  

provide  an a n a l y t i c  comparison of t h i s  model and t h e  well-known 

K i h a r a  p o t e n t i a l ,  i n  which w e  i n d i c a t e  t h e  p r i n c i p a l  reasons fo r  

t h e  apparent  success  of t h e  Kihara model i n  r ep resen t ing  po la r  

molecules without inc luding  direct provis ion  f o r  them i n  t h e  

model. T h i s  r e s u l t  has helped t o  es tabl ish t h e  v a l i d i t y  and 

u t i l i t y  of t h e  s p h e r i c a l  s h e l l  model. 

A l l  of t h i s  work has been prepared for  pub l i ca t ion  and 

of t h e  f i v e  papers  i n  quest ion,  three have a l ready  appeared i n  
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p r i n t  and are c i t ed  below. 

(b) Equilibrium Prope r t i e s .  Ca lcu la t ions  have been 

performed of t h e  second and t h i r d  v i r i a l  c o e f f i c i e n t s  f o r  spherical 

s h e l l  molecules w i t h  permanent moments. For t h e  second v i r i a l  

c o e f f i c i e n t ,  t h e  c a l c u l a t i o n s  are given exac t ly  as a series i n  ' 

powers of t h e  reciprocal temperature. For t h e  t h i r d  v i r i a l  

c o e f f i c i e n t ,  however, only t h e  c e n t r a l  p a r t  is complete, t h e  

i n t e g r a l s  needed for the  quadrupolar c o r r e c t i o n  are given t o  t e r m s  

of t h e  order o f @  , t h e  h ighe r  terms being of much less s i g n i f i c a n c e .  4 

A s t r i k i n g  outcome of t h i s  s tudy is t h a t  t h e  c o r r e c t i o n s  

t o  be a n t i c i p a t e d  f o r  t h e  direct 3-body f o r c e  are i n  agreement 

w i t h  t h e  non-additive c a l c u l a t i o n s  repor ted  here, but  i n  disagreement 

w i t h  earl ier c a l c u l a t i o n s  based on a Lennard-Jones model. 

A l l  of these computations, as w e l l  as those t o  be discussed 

next ,  were supported by NASA grant  NsG-398 t o  t h e  Computer Science 

Center  of t h e  Universi ty  of Maryland. 

(c) Transport  FQ-operties. The e n t i r e  set of t r a n s p o r t  

c o l l i s i o n  i n t e g r a l s  f o r  t h e  s p h e r i c a l  s h e l l  p o t e n t i a l  have been 

computed and employed t o  e x h i b i t  t h e  v i s c o s i t y  of g lobular  molecules. 

It is known t h a t  t h e  effects of a quadrupole moment on the  c o l l i s i o n  

i n t e g r a l s  is s m a l l  and we have therefore made no estimate of t h e  

m u l t i p o l e  expansion upon them. T h i s  leads, however, t o  a direct 

procedure fo r  e s t ima t ing  octopole  moments as follows: 

The c e n t r a l  parameters of a SS p o t e n t i a l  are determined 

f r o m  v i scos i ty  - v s  temperature curves. 

t o  calculate t h e  second v i r i a l  c o e f f i c i e n t .  

These are then  employed 

The discrepency noted 
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is a t t r i b u t e d  t o  t h e  octopole  moment (provis ion f o r  other moments, 

permanent and induced taken i n t o  cons idera t ion)  and a va lue  of t h e  

oc topole  moment selected t o  f i t  t h e  v i r i a l .  It w a s  i n  t h i s  f a sh ion  

t h a t  t h e  e x c e l l e n t  agreement for CH4 r epor t ed  earlier was obtained. 

It is a s t r a igh t fo rward  and u s e f u l  procedure. 

(d) The C e l l  Model f o r  Clathrates. A convenient approach 

t o  t h e  dense f l u i d  has been t o  c o n s t r a i n  a molecule t o  a cage formed 

by its neighbors. A s u c c e s s f u l  a p p l i c a t i o n  of t h i s  has been made 

t o  t h e  i n t e r e s t i n g  care of a gas hydrate.  I n  earlier s t u d i e s  t h e  

common cho ices  fo r  a p o t e n t i a l  have been t h e  Lennard-Jones or Kiha ra  

model. I n  t h i s  work we  have u t i l i z e d  t h e  SS p o t e n t i a l  t o  probe how 

w e l l  t h e  agreement w i t h  experiment can be improved by an improved f o r c e  I 

l a w .  

For tuna te ly  t h e  improvement is not  too l a r g e ,  and w e  have 

i n s t e a d  a t t acked  the  fundamental problem of improving t h e  theory t o  

inc lude  t h e  effects of i n t e r a c t i o n s  between ad jacent  cells. M r .  

R, mrscfi - grad~ats  s*,nder,t ir, pbgsics  - has b e r m  t h f s  work as part 

of h i s  Ph.D. thesis. 

Pub l i ca t ions  - The fol lowing papers have appeared s i n c e  

January 1 1967 . 
INTERMOLECULAR FORCES I N  GLOBULAR MOLECULES . I I . MULTIPOLAR GASES 
W I T H  A SPHERICAL SHELL CENTRAL POTENTIAL, (with T.S. S torv ick  
and T.H. Spurl ing)  J. Chem. Phys. - 46, 599 (1967). 

INTERMOLECULAR FORCES I N  GLOBULAR MOLECUkES. .III. A COMPARISON OF 
THE SPHERICAL SHELL ANI) KIHARA MODELS..(with T.H. Spurl ing)  Phys. 
Fluids 2, 231 (1967). 
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INTERMOLECULAR FORCES I N  GLOBULAR MOLECULES. IV,  ADDITIVE THIRD 

and T.S. Storvick)  J. Chem, Phys. 46, 1498 (1967). 
l V I R I A L  COEFFICIENTS AND QUADRUPOLAR CORRECTIONS. (with T.H. Spur l ing  

I n  a d d i t i o n  papers  numbers V and VI have been prepared fo r  

submission as follows: 

INTERMOLECULAR FORCES I N  GLOBULAR MOLECULES, P. TRANSPORT COLLISION 
INTEGRALS. J . Chem. Phys . 
INTERMOLECULAR FORCES I N  GLOBULAR MOLECULES. V I .  OCTOPOLE MOMENTS 
OF TETRAHEDRAL MOLECULES. J. Chem. Phys. 

Personnel - Professor  T.S. S to rv ick  has  r e tu rned  t o  t h e  

U n i v e r s i t y  of Missouri  following h i s  s a b b a t i c a l  leave spen t  here.  

I Dr, T.H. Spurling has returned to Australia to begin an appointment 
. I  

a t  t h e  Univers i ty  of Tasmania, Mr. Robert R. Dorsch is now being 

supported on t h i s  grant .  
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